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Horizontal Cell Spinule Dynamics in Fish are 
Affected by Rearing in Monochromatic Light 
RONALD H. H. KRC)GER,*t HANS-JOACHIM WAGNER* 
Blue acaras (Aequidens pulcher, Cichlidae) were reared for 1 yr in white or monochromatic "red", 
"green" and "blue" lights to study the function and control mechanisms of horizontal cell (HC) 
spinules in the synaptic pedicles of cones. Ratios of spinules per synaptic ribbon (S/R) were 
determined in tangential sections in both single and double cones. We found that the S/R ratios in 
light adapted retinae decreased with decreasing wavelength of the rearing light in all cone types. 
Conversely, there was an increasing number of incompletely formed spinules with the highest 
frequency in the blue light group. Dark adaptation resulted in the complete degradation of mature 
spinules. However, significant numbers of incompletely degraded spinules were observed in the 
group reared in blue light. Fish reared in blue light which were transferred to white light formed 
mature spinules when light adapted and still had vestigial spinules when dark adapted. The 
mechanisms ofspinule formation and degradation and the control of spinule dynamics appear to be 
fully developed :in fish reared in monochromatic l ght. However, long-term chromatic deprivation 
seems to induce a compensatory modulation of spinule dynamics. A working hypothesis is 
formulated that interprets the observed effects as manifestations of differences in the activition of 
dopaminergic nterplexiform cells (light adapted) and the sensitivity to glutamate of HCs (dark 
adapted). Our findings are consistent with the hypothesis that spinules are involved in sign- 
inverting feedback transmission from HCs to cones. Copyright © 1996 Elsevier Science Ltd 
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INTRODUCTION 
Horizontal cells (HCs) are second order neurons that 
receive direct input from photoreceptors. There is a 
growing body of evidence that sign-inverted feedback 
from cone driven HCs onto cones is involved in 
generating center-surround antagonism, contrast en- 
hancement, and color vision [see Burkhardt (1993) for 
review]. In teleosts (bony fishes), it has been shown that 
negative feedback from cone HCs results in the 
transformation of wavelength specific information as 
perceived by the cones into color opponent signals at the 
level of the cone HCs [Murakami et al. (1972); see the 
reviews by Djamgoz & Yamada (1990); Wu (1992, 1994) 
for further eferences]. 
The outer etina of cyp:rinids (e.g. goldfish, carp, roach) 
has been studied in greatest detail. It contains four 
chromatic one types, sensitive to long wavelengths (R- 
cones), middle wavelengths (G-cones), short wave- 
lengths (B-cones), and ultraviolet light (UV-cones) 
(Hfirosi & MacNichol, 1974; Avery et al., 1983; Hawry- 
shyn & Beauchamp, 1985; Hashimoto et al., 1988; 
Hawryshyn & Hfirosi, 1991). Three types of cone specific 
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HCs are distinguished by their connectivity as well as 
their spectral responses: the dendritic processes of L-H1 
cells (luminosity; hyperpolarizing to all wavelengths) 
invaginate the synaptic endings (pedicles) of all chro- 
matic cone types, Cb-H2 cells (biphasic; short wave- 
lengths hyperpolarizing, long wavelengths depolarizing) 
contact G-, B-, and UV-cones, and Ct-H3 cells (triphasic; 
short and long wavelengths hyperpolarizing, middle 
wavelengths depolarizing) have dendrites in B- and 
UV-cone pedicles (Stell & Lightfoot, 1975; Downing & 
Djamgoz, 1989; Stell et al., 1994). 
The Stell group (Stell et al., 1975; Stell, 1976) found 
that the dendrites of goldfish HCs are organized in a 
regular way within cone pedicles forming central (c) and 
lateral (1) contacts at the ribbon synapses. The cone type 
specific patterns of connectivity are HI: RdGlBl, H2: 
GcBI, H3: Bc; at that time it was unknown that goldfish 
are capable of UV-vision. Following these observations, 
Stell and co-workers (Stell et al., 1975, 1994; Stell, 1976; 
Stell et al., 1982) proposed the so called "feedback 
cascade model" of cone-HC circuitry to integrate the 
knowledge on the morphological patterns of HC dendritic 
contacts and the physiological chromatic response 
properties: HC dendrites in the central position at the 
ribbon synapse are thought o mediate sign-conserving 
feedforward signals from the cones while the lateral 
dendrites are assumed to mediate feedforward cone to 
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HC transmission as well as sign-inverting feedback 
signaling from HCs to cones (Stell et al., 1975, 1994). 
According to this model, the biphasic responses of Cb-H2 
cells are due to feedforward input mainly from the G- 
cones and sign-inverting feedback signals from mainly 
red-sensitive L-H1 cells to G-cones. Connectivity 
patterns of cone HCs similar to those in goldfish were 
also found in the roach (Downing & Djamgoz, 1989). 
On the basis of their studies of cone-HC connectivity 
and HC electrophysiology in the carp, Kamermans and 
associates (Kamermans et al., 1989a, b, 1991; Kamer- 
mans & Spekreijse, 1995) proposed an alternative model 
of cone-HC connectivity and function: all HC-types are 
thought o be connected to all spectral types of cones. 
Differences in the spectral responses of the three HC 
types are supposed to be due to differences in the relative 
strengths of the feedback from HCs on the cones. With 
the Kamermans cheme it is possible to successfully 
model the dynamic response properties of HCs. However, 
the Kamermans group used different parameters for the 
morphological identification of spectral cone types and 
cannot match the systematic study of the previous work 
on goldfish (Stell & Lighffoot, 1975; Stell et al., 1975, 
1982, 1994; Stell, 1976) and roach (Downing & 
Djamgoz, 1989). Spectrally specific onnections between 
cones and HC-types furthermore xist in a variety of 
other vertebrate species [frog: Ogden et al. (1985); Stone 
et al. (1990); Witkovsky et al. (1995); turtle: Leeper 
(1978); Ohtsuka & Kouyama (1986); primates: Ahnelt & 
Kolb (1994a, b); for review see Djamgoz et al. (1995)]. 
The feedback cascade model therefore appears to most 
closely reflect the chromatic interaction on a cellular 
level in the outer retina of teleosts and may even be 
relevant to the early steps of color vision in other 
vertebrates. 
So far there is no direct evidence on the nature and 
location of the postulated feedback synapse. However, 
there is a strong correlation between the presence (light 
adapted) and absence (dark adapted) of polyphasic HC- 
responses and morphological features in the cone 
pedicles of fish. When light adapted, the HC-dendrites 
lateral at the synaptic ribbon extend numerous finger-like 
protrusions (spinules) with characteristic membrane- 
associated densities at their tips (Wagner, 1980; Wagner 
& Djamgoz, 1993). Polyphasic HC-responses as well as 
HC-spinules are both absent in the dark adapted state 
(Kirsch et al., 1990) and respond in similar ways to 
pharmacological treatments (Weiler et al., 1988; Kirsch 
et al., 1991). It has therefore been suggested that HC - 
spinules play a role in the transmission of feedback 
signals from HCs to cones. 
Formation and degradation of spinules appear to be 
governed by at least partially independent eurochemical 
mechanisms. Spinule formation can be stimulated by 
application of dopamine (Djamgoz & Wagner, 1992; 
Kirsch et al., 1991; Behrens et al., 1992) and activation of 
protein kinase C (PKC) in HCs (Weiler et al., 1991). The 
effect of dopamine is mediated by a D1 receptor 
mechanism and can be mimicked by increasing intracel- 
lular cAMP levels (Kirsch et al., 1991; Behrens et al., 
1992). Spinule degradation is triggered by the photo- 
receptor transmitter (probably glutamate), the release of 
which is increased in the dark (Murakami et al., 1972; 
Weiler et al., 1988). Glutamate acts on HCs via an 
ionotropic quisqualate receptor (Weiler & Schultz, 
1993). Spinule dynamics therefore appear to be governed 
by antagonistic signals that act in concert o control the 
state of the system. 
To gain further insight into the function of HC-spinules 
and the control mechanisms of their dynamics we wanted 
to interfere with spinule dynamics without pharmacolo- 
gical manipulation. The balance between the feedforward 
signals from the different spectral cone types to the HCs 
changes if one chromatic hannel is favored over the 
others by appropriate illumination. We reasoned that the 
strengths of feedback signals from HCs to cones are 
dependent on the spectral composition of the stimulating 
light due to the wavelength specific onnections between 
the chromatic one types and the various HC types. If HC 
spinules are involved in mediating synaptic feedback 
from HCs onto cones, their dynamics should also be 
influenced by the spectral composition of the illumina- 
tion. We therefore reared fish in monochromatic lights 
that differentially favored the individual chromatic 
channels in the retina. This type of experiment further- 
more addresses the question whether the development of
the mechanisms controlling spinule dynamics is sensitive 
to chromatic deprivation. To test the plasticity of this 
system, some fish were transferred from monochromatic 
to white light in a second set of experiments. 
We used the blue acara (Aequidens pulcher), a cichlid 
fish from South and Central American rivers. This 
particular species was chosen since Levine and Mac- 
Nichol (1979) had stated that its retina contained only 
two spectral cone types, and separate stimulation of the 
chromatic channels is most easily achieved in a 
dichromatic retina. The cones in the A. pulcher retina 
are arranged in a very regular mosaic of the "square type" 
(Eigenmann & Shafer, 1900; Lyall, 1957; Wagner, 
1972): one single cone is surrounded by four double 
cones. According to Levine and MacNichol (1979), 
single cones are green sensitive (/-max 544 nm) while both 
members of the double cones are red sensitive (2r, ax 
617 nm); rods absorb maximally at 501 nm. The spectral 
identity of a cone is therefore given by its position in the 
mosaic. UV-vision can be excluded inA. pulcher since its 
crystalline lens is yellow pigmented with a long-pass cut- 
off at 432 nm (Douglas & McGuigan, 1989). 
METHODS 
Rearing conditions and chromatic light regimes 
Ten to 14 days after fertilization, about 100 fry were 
placed in aquaria with water volumes of about 150 1. 
Temperature was 27°C, pH6-7. The aquaria were 
housed in light tight boxes. The walls of the boxes were 
covered with a vividly patterned wallpaper to create a 
complex visual environment. About 10% of the wall- 
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FIGURE 1. Absorbances of the photoreceptors of Aequidens pulcher 
(curves, left vertical axis) and irradiances of the rearing lights (dots, 
right vertical axis). The central wavelengths of the rearing lights 
(dotted vertical lines) were chosen after data by Levine and MacNichol 
(1979). The red and green lights were intended to maximally stimulate 
the double and single cones, respectively, while the wavelength ofthe 
blue light was close to the maximum absorbance of the rods (A). 
However, when absorption spectra were measured microspectropho- 
tometrically by Bowmaker (unpublished results) it was found that most 
double cones consisted of red/green pairs and that the wavelengths of
maximum absorbance of all (:ones were much shorter than stated by 
Levine and lVlacNichol (1979) (B). 
were reared in the white light of Osram Dulux Electronic 
bulbs. Those bulbs have a multitude (>10) of emission 
bands throughout the spectral range from 400 to 700 nm, 
stimulating all chromatic one types in the fish retina. 
Downwelling illuminances were 33 lux ("bright group") 
and 0.2 lux ("dim group"), the latter being slightly 
dimmer than the green light (0.45 lux). Light intensities 
were measured with an EG&G model 450 photometer/ 
radiometer with appropriate detectors. The two white 
light groups were necessary to differentiate effects due to 
light intensity from those brought about by the spectral 
composition of the light, and to test whether the light 
intensities used in this study were sufficient o permit a 
normal development of the retina. 
Rearing in monochromatic light might influence 
photopigment expression i  the outer segments of cones. 
A microspectrophotometric study of cone and rod 
absorbances was therefore done by J. K. Bowmaker 
(unpublished) in two fish from the bright, red, green, and 
blue groups each. In contrast to the data in the literature 
(Levine & MacNichol, 1979) it was found that A. pulcher 
has three spectral cone types: blue sensitive single cones 
(/~max 452 nm, 14 cells), green sensitive members in the 
double cones (2max 532 nm, 32 cells), and red sensitive 
members in the double cones (;tmax 570 nm, 35 cells) 
[Fig. I(B)]. A small number of double cones consist of 
red/red pairs. Rearing in monochromatic light had 
negligible or no effect on the wavelengths of maximum 
absorbance of the photoreceptors (Bowmaker, unpub- 
lished preliminary observations). 
The new data on cone absorbances in A. pulcher made 
it clear that the spectral ocations of our rearing lights 
were not as close to the wavelengths of maximum 
absorbance of the photoreceptors a  planned. Never- 
theless we observed strong effects on spinule dynamics. 
paper surface were taken up by brightly colored, gray, 
and black patches and lines on a white background. The 
remaining interior surfaces of the boxes were painted flat 
white. Light was delivered from the roofs of the boxes. 
Reflectors and sheets of white fabric were used to reduce 
variations in irradiance .across the aquaria to <30%. The 
fish were kept for approx. 1 yr in a 12 hr/12 hr light/dark 
regime. 
The monochromatic illumination lights were generated 
by passing the light of tungsten halogen lamps through 
interference filters having bandwidths of 5-10 nm. The 
spectral positions were chosen to match the wavelengths 
of maximum absorbance of the photoreceptors of A. 
pulcher as reported by Levine and MacNichol (1979). 
The central wavelengths were 623.5 nm, "red group" 
(double cones), 534.1 nm, "green group" (single cones), 
and 485.0 nm, "blue group" (rods) [Fig. I(A)]. Down- 
welling irradiances, measured in the center of the empty 
aquaria nd indicated in Fig. 1, were adjusted to about he 
photopic threshold of Haplochromis burtoni (Cichlidae) 
(Allen & Fernald, 1985), the closest relative ofA. pulcher 
of which such data are available. Two control groups 
Tissue processing and measurements 
Animals were killed by rapid decapitation and pithed, 
2 hr before and after dusk, light and dark adapted, 
respectively. In transfer experiments, fish were moved 
from the blue group to the dim white light regime during 
the dark phase and killed 2 hr before and after the 
following dusk. Dark adapted fish were dissected under 
infrared light with an IR-viewing system (AEG). The 
eyes were enucleated and the corneas and lenses 
removed. After 1 hr in primary fixative (1% paraformal- 
~ dehyde, 2.5% glutaraldehyde, 3% saccharose in 0.06 M 
phosphate buffer, pH 7.4, room temperature) in the 
rearing lights or in darkness, the retinae were isolated 
from the eyecup and treated for electron microscopy: 60- 
90 min secondary fixation (2% OsO4 in 0.06 M phos- 
phate buffer, pH 7.4, room temperature), overnight en 
bloc staining (5% uranyl acetate in 70% ethanol, 4°C), 
dehydration with ethanol and acetone, and embedding in
Epon (Serva)r For additional details on tissue processing 
for electron microscopy see Robards and Wilson (1993). 
To minimize bias due to regional differences, amples for 
further processing and evaluation were taken from the 
intermediate portion of the naso-ventral quadrant of the 
i 
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FIGURE 2. Electron micrographs of tangential sections of light adapted cone pedicles. Infish reared in white light, spinules (Sp) 
were abundant inboth double (A) and single (C) cones. In the pedicles of fish from the blue light group, spinules were rare. 
In the position where spinules are usually found, the HC dendrites formed bulbous protrusions, some having membrane- 
associated densities at their tips (B, D). Those structures were interpreted as immature spinules (ISp). SR, synaptic ribbon; 
scalebars: 0.5 #m. 
retina in all fish. Ultrathin tangential sections (approx. 
60 nm) of the outer plexiform layer (OPL) were stained 
with lead citrate and viewed with a Philips EM300 
electron microscope. 
The pedicles of double cones are about five times 
larger than the synaptic terminals of single cones and 
rods. Furthermore, the square mosaic of cones is 
conserved in the pattern of cone pedicles at the level of 
the OPL where the cones synapse with HCs and bipolar 
cells (BC) (Wagner, 1978). It was therefore possible to 
distinguish between single and double cone pedicles by 
their size and respective positions in the cone mosaic. 
However, we did not attempt to differentiate between the 
red and green sensitive members of the double cones 
since easily recognizable morphological differences were 
not found and specific markers are not available. In the 
dark adapted state, it was not always possible to 
unequivocally identify single cone pedicles since they 
closely resembled the synaptic terminals (spherules) of 
rods. Single cone pedicles were therefore only evaluated 
in light adapted retinae. 
For the quantitative analysis of our observations we 
counted the number of spinules per cone pedicle and 
related it to the number of synaptic ribbons observed in 
the same pedicle (S/R ratio). We investigated only 
pedicles in cross sections (tangential plane of the retina) 
and at a level where HC dendritic processes were visible 
lateral to the synaptic ribbons, and the central cavity 
containing the invaginating processes of HCs and BCs 
was not included. In cases where the ribbon was not 
clearly visible due to darkness induced reduction in size 
(Wagner, 1973) we used the synaptic ridge as reference 
structure. Evaluation was done without knowledge of the 
identity of the preparation under investigation. 
RESULTS 
Qualitative observations 
Finger-like protrusions of HC dendrites and circular to 
oval profiles close to synaptic ribbons were identified as 
typical, mature spinules if they contained the character- 
istic apical membrane-associated densities (Wagner, 
1980) [Fig. 2(A and C)]. In some cases, structures two 
to three times wider than mature spinules, yet containing 
conspicuous membrane-associated d nsities were found 
in light adapted retinae in positions where spinules 
usually occur [Fig. 2(B and D)]. Such structures were 
interpreted as incompletely formed, immatare spinules. 
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FIGURE 3. Electron micrographs of dark adapted cone pedicles. HC dendrites are small and smooth in outline in fish reared in 
white light (A). In fish reared in blue light, there are bulbous protrusions on HC dendrites where spinules are found in light 
adapted fish (B). Such incompletely degraded spinules were considered as vestigial spinules (VSp). SR, synaptic ribbon; 
scalebars: 0.5 #m. 
TABLE 1. The quantitative r sults and statistical nalysis in overview 
Rearing experiments 
Rearing roup 
White Red Green Blue 
Transfer 
ANOVA experiments 
eamong roups Blue to white 
Light adapted 
n (animals) 7 4 4 4 
Double cones 
n (pedicles) 142 80 103 100 
S/R (mean + SD) 1.95 :t 0.44 2.28 + 0.46 1.63 + 0.40 1.20 + 0.41 
P (t-test vs white) NS NS <0.03 
Double cones 
IS/R (mean_SD) 0.14 :t 0.20 0.04 ___ 0.02 0.22 +__ 0.25 
P (t-test vs white) NS NS 
Single cones 
n (pedicles) 70 40 42 40 
S/R (mean_SD) 2.02 :~ 0.79 2.56 + 0.44 1.93 + 0.99 0.81 ___ 0.45 
P (t-test vs white) NS NS <0.02 
<0.03 
69 
1.84 ___ 0.14 
<0.05 (vs blue) 
0.44 + 0.30 0.06 + 0.02 
(0.08) NS (0.08) 
<0.05 
31 
1.21 _ 0.54 
NS (vs blue) 
Dark adapted 
n (animals) 7 3 4 4 2 
Double cones 
n (pedicles) 143 63 74 68 41 
VS/R (mean_SD) 0.08 :~ 0.06 0.13 _+ 0.15 0.45 ___ 0.35 1.57 _ 0.55 0.96 + 0.09 
P (t-test vs white) NS NS <0.02 <10-5 <0.03 
Nested ANOVAs with uneqr~al sample sizes were calculated to test whether differences existed between the rearing roups (Pamong roups)" 
Student's t-test was used for statistical verification of the differences between the interindividual means of the white light control group and 
the groups reared in monochromatic lights. For further details ee text and Fig. 5. 
They were most abundant in the pedicles of single and 
double cones of fish reared in blue light [Fig. 2(B and D)] 
and rare in the retinae of fish reared in white and red light 
[Fig. 2(A and C)]. In dark adapted retinae mature spinules 
were almost completely absent. However, in a large 
number of cases, we found unusual bulbous protrusions 
of the HC dendrites close to the synaptic ribbon at the 
sites where mature spinules occur in light adapted retinae. 
These structures were consistently lacking membrane- 
associated densities and were most common in fish reared 
in blue light [Fig. 3(B)], but also present in animals 
reared in green light. They were assumed to be 
incompletely degraded, vest ig ia l  spinules. 
Quant i ta t ive  va luat ion  
We determined the S/R ratio in each pedicle of both 
single and double cones. In addition, the ratios of 
immature and vestigial spinules per ribbon (IS/R and 
VS/R, respectively) were measured in double cone 
pedicles. Immature and vestigial spinules were too rare 
in single cones for a meaningful statistical analysis. 
One retina from three to four fish each was studied per 
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FIGURE 4. Electron micrographs of double cone pedicles in fish reared in blue light and transferred to white light. Numerous 
mature spinules (Sp) are found in light adapted specimens (A), and vestigial spinules (VSp) in the dark adapted state (B). SR, 
synaptic ribbon; scalebars: 0.5 #m. 
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FIGURE 5. Summary of our quantitative data on interindividual means with standard eviations. In light adapted animals, 
significantly fewer mature spinules were found in the pedicles of both double (A) and single (B) cones in the blue group than in 
the white and red groups. Immature spinules, on the other hand, were most abundant in fish reared in blue light (C). In the dark 
adapted state, the number of vestigial spinules in the blue groUp was significantly higher than in all other groups (D). If fish were 
transferred from blue to white light (bars labeled "BLUE to WHITE"), spinule numbers in both double (A) and single (B) cones 
were almost back to norma'l levels after 10 hr of exposure to white light. Immature spinules were as rare as in the control group 
(C). However, after 12 hr in white light with subsequent 2 hr of dark adaptation, fish transferred from blue to white light still had 
significantly more vestigial spinules when light adapted (D). *P < 0.05, **P < 0.01, Student's t-test. 
i 
lighting regime and adaptive state. At least 20 double 
cone pedicles and, in the light adapted retinae, at least 10 
single cone pedicles were evaluated per retina. The 
number of synaptic ribbons per pedicle was independent 
of the rearing light. For statistical verification of 
differences in the frequencies of spinules, nested two- 
level ANOVAs with unequal sample sizes [e.g. Sokal & 
Rohlf (1995)] were calculated. The mean S/R, IS/R, and 
VS/R values in each retina were treated as single 
measurements in comparisons between groups since the 
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ratios determined in the pedicles in a particular prepara- 
tion are not entirely independent measurements. 
Rearing experiments 
Light adapted fish. Very similar S/R ratios were found 
in the bright and dim groups, indicating that the intensity 
of the dim white light was high enough for normal control 
of spinule dynamics. All data from fish reared in white 
light were therefore pooled in the "white" group (Table 
1). Spinules (Fig. 2) were found in all lighting conditions. 
However, the S/R ratios varied depending on the type of 
illumination. 
Double cones. Fish reared in red light had higher S/R 
values than fish in the white light group. In the retinae of 
animals reared in blue light (Fig. 2), the S/R ratios were 
statistically significantly lower than in the white and red 
light groups. Fish reared in green light had values imilar 
to the white light group and intermediate b tween the red 
and blue groups (Table 1, Fig. 5). 
Immature spinules were found in double cone pedicles 
of all groups. The IS/R ratios were highest in fish from the 
blue light group and lowest in the red light group (Fig. 2; 
Table 1). These differences were statistically not 
s ign i f i cant  (Pwhite vs btae = 0.08) ,  possibly due to the 
small total number of immature spinules. 
Single cones. In the pedicles of single cones, we 
observed the same trend as in the double cone pedicles 
(Fig. 2). Fish reared in blue light had significantly fewer 
spinules than those in the white and red groups (Table 1, 
Fig. 5). 
These findings demonstrate that the spectral composi- 
tion of light has a statistically significant influence on the 
S/R ratios in single and double cones, and suggest that 
spinule formation is con~Irolled by a common mechanism 
in both cone types. In the blue light, the light adaptive 
signal appears to be too weak to induce the formation of a 
normal number of mature spinules. However, synaptic 
membrane-associated d nsities within bulbous protru- 
sions characteristic of immature spinules were expressed, 
possibly ensuring partial functionality. 
Dark adapted fish. Spinule degradation was equally 
complete in fish reared in bright and dim white light. The 
bright and dim groups were thus again treated as a 
uniform white light group. Mature spinules were 
observed only sporadically in dark adapted retinae, in 
good accordance with previous observations on spinule 
dynamics in the blue acara (Wagner et al., 1992). 
Basically, they were ab,;ent in all groups [Fig. 3(A and 
B)]. Vestigial spinules were also very rare in the white 
and red light groups. However, VS/R ratios were 
significantly higher in fish reared in blue light (Table 1, 
Fig. 5), suggesting that lhe dark adaptive signal was too 
weak for normal degradation of spinules. 
Transfer experiments 
Since the strongest effi~cts of rearing in monochromatic 
light were found in the blue light group, we transferred 
fish from the blue to the dim white light regime to study 
the reversibility of the induced effects. After 10 hr of 
light adaptation i the entrained iurnal cycle [Fig. 4(A)], 
the IS/R and S/R ratios almost matched the levels in the 
control group (Table 1, Fig. 5). However, after 12 hr in 
dim white light with subsequent 2 hr of dark adaptation 
[Fig. 4(B)], fish reared in blue light still had significantly 
higher VS/R values spinules than the fish in the white 
light control group (Table 1, Fig. 5). 
DISCUSSION 
Our findings clearly demonstrate that long term 
chromatic deprivation interferes with spinule dynamics 
(Fig. 5). Spinule formation and degradation are similarly 
affected in both single and double cones, the strongest 
effects being induced by rearing in blue light. The large 
numbers of incompletely degraded spinules in dark 
adapted retinae from the blue light group was the most 
surprising observation, since the stimulus, i.e. the 
absence of light, is the same for all groups during the 
dark phase. 
The results of the transfer experiments show that the 
effects of rearing in monochromatic blue light on spinule 
formation are fully reversible. Short term exposure to 
white light after rearing in blue light increased S/R and 
reduced VS/R ratios to levels almost identical with the 
values in the control groups. This suggests that the 
intracellular requirements for spinule dynamics are not 
affected by chromatic deprivation. The effects of rearing 
in monochromatic l ght are therefore most likely due to 
the strength of the adaptive signals acting on the HCs. 
Experimental situation and psychophysical data 
A striking absence of defects in color vision after 
rearing in monochromatic light has been reported in 
primates (Boothe t al., 1975; Diet al., 1987; Brenner et 
al., 1985, 1990). McCourt and Jacobs (1983) found a 
delayed evelopment of adult type spectral responses in
the optic nerve fibers in the ground squirrel in animals 
reared in red light. Peterson (1961) observed that the 
wavelength of a discriminative stimulus exerted no 
control over the behavior in ducklings reared in 
monochromatic l ght. However, the birds could never- 
theless be trained to distinguish stimuli of different 
wavelengths, indicating that the observed efects in the 
behavior occurred on a higher level of visual function 
than retinal processing. Although there is evidence that 
HCs feed back onto cones also in higher vertebrates [ ee 
Burkhardt (1993) for review], signal transmission in 
those species is certainly not mediated by spinules ince 
they are unique to fish. 
Mecke (1983) investigated the ability to discriminate 
between colors in goldfish reared in monochromatic and 
white light. He found only small, statistically not 
significant effects of chromatic deprivation. However, 
Mecke (1983) kept most of his fish for several days in 
white light during a training period after the rearing in 
monochromatic l ght. Only animals reared in red light 
were pre-trained in red light before testing with 
chromatic stimuli. Since the effects of rearing in 
3886 R.H.H. KROGER and H.-J. WAGNER 
monochromatic light are reversible and rearing in red 
light does not significantly affect spinule numbers, 
transient differences that may have existed could most 
likely not be detected with the methods used by Mecke 
(1983). In all, the development of color vision is 
surprisingly resistant to chromatic deprivation. The 
reason may be that feedback from HCs to cones is also 
involved in shaping the center-surround antagonistic 
responses of HCs and contrast enhancement (Burkhardt, 
1993). Chromatic deprivation does therefore not entirely 
interrupt he functionality of the feedforward-feedback 
loops between cones and HCs, even if it were possible to 
selectively stimulate asingle chromatic hannel. Further- 
more, cone pigments and chromatic ircuitry may be 
genetically determined and independent of environmen- 
tal factors. 
In experiments designed to rear animals in monochro- 
matic light regimes, it is not always possible to 
exclusively activate individual chromatic channels. In 
general, only a more or less pronounced change in the 
balance between the various channels is achieved. In our 
experiments, the red rearing light effectively did not 
stimulate B-cones; G-cones were activated minimally 
[Fig. I(B)]. In the green light, stimulation was at 
maximum for the G-cones, strong for the R-cones, and 
very weak for the B-cones [Fig. I(B)]. The blue light 
strongly stimulated B- and G-cones at about equal evels 
while R-cones were activated minimally [Fig. I(B)]. In 
other words, R-cone signals were dominating by far in 
red light, G- and R-cones were strongly activated in green 
light, and blue light mainly stimulated B- and G-cones. 
The green and blue lights fell also within the absorbance 
of the rod visual pigment. However, rods are effectively 
shielded by the melanosomes of the retinal pigment 
epithelium already at dawn, due to circadian rhythms in 
retinomotor movements [e.g. Douglas (1982)], making it 
unlikely that they are stimulated by the various lights 
during daytime and are involved in the control of spinule 
formation and maintenance. Rod contraction, by contrast, 
starts before the onset of dusk. Consequently, only dark 
adaptive processes can be expected to be influenced by 
rod vision. 
Connectivity of horizontal cells, cell type specific spinule 
formation, and spinule function 
In the cyprinid retina, HC perikarya occupy about he 
outer third of the inner nuclear layer and form two or 
three conspicuous tiers, which by closer analysis have 
been attributed to three distinct morphological subtypes 
[H1-H3, Stell & Lightfoot (1975); Downing & Djamgoz 
(1989)]. In cichlids, light micrographs how a single 
distinct layer of HC bodies at the outer border of the inner 
nuclear layer. Strikingly, these cells exactly mirror the 
cone mosaic in their arrangement; each perikaryon is 
situated below the pedicle of a single cone (Kuenzer & 
Wagner, 1969). A Golgi-EM analysis of the connectivity 
of those cells in Nannacara anomala (Cichlidae) 
demonstrated that they contacted both single and double 
cones (Wagner, 1978), thus corresponding tothe H1 cells 
in cyprinids. Although the previous morphological 
studies revealed no evidence on the presence of 
additional cone HC types in cichlids, their existence 
cannot be completely ruled out. However, they would be 
considerably less numerous than their counterparts in 
cyprinids. In the absence of electrophysiological record- 
ings from cichlid HCs it is as yet unclear what their 
chromatic response properties look like. For the inter- 
pretation of our results, we speculate however, that the 
basics of the feedback cascade model also apply in 
cichlids. 
With regard to spinule formation, quantitative analysis 
in roach (Rutilus rutilus) has shown that the vast majority 
of spinules is generated by HI cells; H3 cells by contrast 
do not carry spinules at all (Greenstreet & Djamgoz, 
1994). In the context of our experiments in cichlids this 
means that we are studying in essence the behavior of the 
external Hl-like HCs. Since these invaginate both single 
and double cone pedicles, it is not surprising that we 
found almost identical reactions of these two cones types 
in the various rearing groups. 
The co-variation of spinule numbers in single and 
double cone pedicles suggests that spinules are not 
involved in restoring the balance between the chromatic 
channels (color constancy). If that were the case, one 
would expect, for example in blue light, high S/R values 
in blue sensitive single cones and low S/R ratios in red/ 
green sensitive double cones to increase the negative 
feedback on single cones which are stimulated more than 
double cones in blue light. 
Effects of monochromatic rearing on the control of 
formation and degradation of spinules 
Spinule formation is triggered by light (Wagner, 1980) 
and by endogenous, circadian signals (Douglas & 
Wagner, 1983). In both cases, dopamine released by 
dopaminergic interplexiform cells (DA-IPCs) plays an 
important role [see Djamgoz & Wagner (1992); Wagner 
& Djamgoz (1993) for reviews]. Thus, the formation of 
spinules appears to be mediated by an indirect pathway 
via DA-IPCs. By following a strict time protocol when 
killing fish we have effectively excluded endogenous, 
circadian factors. 
BCs synapse on DA-IPCs in the inner plexiform layer 
(IPL) in both sublamina (OFF-zone) and b (ON-zone) 
(Yazulla & Zucker, 1988). With regard to the dopami- 
nergic stimulation of spinule formation, it is therefore 
possible that the chromatic channels antagonize ach 
other in the activation of DA-IPCs. Activation by the red 
channel in counterweight tonegative input from the blue 
channel would explain the decrease in spinule numbers 
with decreasing wavelength. A study on dopamine levels 
in the retinae of fish reared in monochromatic light is 
currently underway to test the hypothesis that differences 
in dopamine metabolism are responsible for the observed 
effects on spinule formation. 
Spinule degradation is also controlled by changing 
light levels and endogenous ignals (Wagner, 1980; 
Douglas & Wagner, 1983). In the dark, photoreceptors 
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FIGURE 6. Schematic llustration of the HC desensitization hypothesis 
to explain the effects of rearing in blue light on spinule degradation 
during the dark phases. In a white light regime (first row), activity is 
modulated between ight and day with high amplitude in both cones 
and HCs. During short term exposure to a blue light environment 
(second row), the activity of r:d/green-sensitive double cones during 
the light phases, and thus the amount of released glutamate, is higher 
than in a white light regime. This is paralleled by cone HC activity 
since, morphologically, the HCs receive about 50 times more input 
from double than from blue sensitive single cones. After long-term 
rearing in a blue light regime (third row), the cone HCs would react o 
high levels of activation by decreasing their sensitivity to glutamate to 
re-establish a long-term average activity similar to the level in the 
white light environment. This hypothesis was tested by transferring 
fish from the blue light group to a white light regime during the dark 
phase (fourth row, asterisks). The intracellular signal for spinule 
degradation was expected to still be weaker during the following dark 
phase than in fish reared in a white light environment. Although some 
recovery may have taken place, incomplete spinule degradation was 
found in the transferred fish, supporting the hypothesis of HC 
desensitization to glutamate i:a fish reared in the blue light regime. 
Arrowheads indicate the times of sampling. 
release the maximum amount of transmitter, probably 
glutamate (Murakami et al., 1972). Glutamate is a potent 
agent o induce spinule degradation (Weiler et al., 1988), 
acting via non-NMDA AMPA-type receptors (Weiler & 
Schultz, 1993). Light dependent degradation of spinules 
is therefore mediated via a direct pathway from cones to 
HCs. 
It is unlikely that he release of transmitter is reduced in 
the dark if fish are reared in monochromatic l ght. We 
propose that the observed eficits in spinule degradation 
in blue light (Fig. 5) are due to desensitization f HCs to 
glutamate as a result of the deprivation of the blue 
channel during the rearing phase. This is demonstrated by 
the following, highly schematic model (Fig. 6): morpho- 
logically, the Hl-like cells receive about 50 times more 
input from red/green sensitive double cones than from 
blue sensitive single cones (Wagner, 1978). In blue light, 
the amplitude of the modulation of the glutamate signal is 
much smaller between day and night [Fig. 6(A)]. If HCs 
react to this almost constant depolarization with a 
reduction of their sensitivity to glutamate, the effect of 
such a compensatory mechanism would be to re-establish 
the long term average activation of HCs [Fig. 6(B)]. At 
the same time, this desensitization would result in lower 
HC activation during darkness, mimicking dim illumina- 
tion and leading to incomplete degradation of spinules 
after long term exposure to a blue light regime. The 
down-regulation f HC sensitivity to glutamate could be 
due to a reduced number of receptor molecules in the 
postsynaptic membrane at the ribbon synapse. Desensi- 
tization by the modulation of existing receptors is 
unlikely, since the time course of resensitization of 
AMPA-receptors is too fast [e.g. Zorumski & Thio 
(1992)]. 
The hypothesis of desensitization of HC dendritic 
membranes predicts that HCs are still weakly activated if
fish reared in blue light are transferred towhite light for a 
period that is too short for the expression of new receptor 
molecules. The light adaptive signal for spinule forma- 
tion is expected to be independent ofHC desensitization 
since it is mediated indirectly via BCs and DA-IPCs. 
Those predictions led us to perform the transfer 
experiments, the results of which are in good agreement 
with our expectations (Figs 4 and 5): S/R and IS/R values 
in transferred fish matched the levels in fish reared in 
white light in the light adapted state, while the VS/R 
ratios were still high in dark adapted animals. The slight 
reduction i  the abundance ofvestigial spinules after fish 
reared in blue light had spent 12 hr in white light (Fig. 5) 
may be indicative for a partial recovery of HC sensitivity. 
From the hypothesis of postsynaptic changes it also 
follows that the responsiveness of HCs to glutamate 
should be decreased in fish reared in blue light. Such 
predictions need to be tested with electrophysiological 
recordings and/or pharmacological approaches. 
CONCLUSION 
Rearing fish in monochromatic light affects both 
formation and degradation of HC spinules. However, 
the intracellular requirements for spinule dynamics are 
unaffected. In accordance with the current understanding 
of retinal circuitry and function, the results can be 
explained as modulatory influences on the activity of 
DA-IPCs (light adapted) and the sensitivity of HCs to 
glutamate (dark adapted). 
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